Many vertebrates have cone photoreceptors that are most sensitive to ultraviolet (UV) light termed UV cones. The ecological functions that these cones contribute to are seldom known though they are suspected of improving foraging and communication in a variety of fishes. In this study, we used several spectral backgrounds to assess the contribution of UV and violet cones, or long wavelength (L) cones, in the foraging performance of juvenile Cumaná guppy, Poecilia reticulata, or marine stickleback, Gasterosteus aculeatus. Regardless of whether the light spectrum contained or not wavelengths below 450 nm (the limiting wavelength for UV cone stimulation), the foraging performance of both species was statistically the same, as judged by the mean distance and angle associated with attacks on prey (Daphnia magna). Our experiments also showed that the foraging performance of sticklebacks when only the double cones (and, almost exclusively, the L cones) were active was similar to that when all cones were functional, demonstrating that the double cone was sufficient for prey detection. This result indicates that foraging potentially relied on an achromatic channel serving prey motion detection, as the two spectral cone types that make up the double cone [maximally sensitive to middle (M) and long (L) wavelengths, respectively] form the input to the achromatic channel in cyprinid fishes and double cones are widely associated with achromatic tasks in other vertebrates including reptiles and birds. Stickleback performance was also substantially better when foraging under a 100% linearly polarized light field than when under an unpolarized light field. Together, our results suggest that in some teleost species UV cones exert visually-mediated ecological functions different from foraging, and furthermore that polarization sensitivity could improve the foraging performance of sticklebacks.
Introduction
The retinas of many vertebrates have cone photoreceptors that absorb maximally in the ultraviolet (UV) spectrum, in the range 360-390 nm (Hunt & Collin, 2014) . These UV cones, which express a SWS1 visual pigment protein (opsin), can vary widely in proportion and retinal distribution within and between species and as a function of life history stage (Cheng, Novales Flamarique, Hárosi, Rickers-Haunerland, & Haunerland, 2006; Dalton, de Busserolles, Marshall, & Carleton, 2017; Iwanicki, Novales Flamarique, Ausiό, Morris, & Taylor, 2017; Lukáts, Szabó, Röhlich, Vígh, & Szél, 2005) . The visual functions that these cones exert are widely unknown, though in some organisms they are part of colour discrimination pathways (Calderone & Jacobs, 1995; Hughes, Saszik, Bilotta, DeMarco, & Patterson, 1998; Novales Flamarique & Wachowiak, 2015) . Recent studies using juvenile zebrafish and rainbow trout have shown that UV cones enhance the foraging performance of these species on Daphnia magna, a naturally-occurring zooplankton prey (Novales Flamarique, 2013 . This was demonstrated by comparing the distances and angles associated with prey attacks between fishes with regular UV cone numbers and those with diminished UV cone numbers (Novales Flamarique, 2013 . Fish with regular UV cone numbers detected prey at greater distances and angles, on average, than those with reduced UV cone populations, as expected from foraging theory (O'Brien, Evans, & Browman, 1989) . Based on these results, and a larger body of studies showing that UV light enhances the foraging of multiple fish species (Browman, Novales Flamarique, & Hawryshyn, 1994; Loew, McFarland, Mills, & Hunter, 1993; Job & Bellwood, 2007; Leech, Boeing, Cooke, Williamson, & Torres, 2009) , it was proposed that the UV cone functioned to improve the foraging performance of zooplanktivorous fishes by increasing prey contrast against the background (Novales Flamarique, 2016) .
There have been several studies, however, that have not found any effect of UV wavelengths on the foraging performance of fishes (Leech & Sönke, 2006; Modarressie & Bakker, 2007; Rocco, Barriga, Zagarese, & Lozada, 2002; White, Church, Willoughby, Hudson, & Partridge, 2005) . The implications of these results for UV cone function are hard to assess as the "non-UV treatments" in these studies comprised wavelengths below 450 nm, which stimulate fish UV visual pigments. Furthermore, in some of the experiments, irradiance was a confounding variable in the interpretation of results and the numbers and retinal distributions of UV cones in the species examined were unknown. In an effort to disambiguate between multiple variables that could have contributed to the published results, and to test further the hypothesis that UV cones function to enhance the foraging performance of zooplanktivorous fishes, we performed foraging behaviour experiments using juvenile marine threespine stickleback (Gasterosteus aculeatus) and Cumaná guppy (Poecilia reticulata).
A previous study on adult guppy showed that increased irradiance in the UV spectrum 300-380 nm did not improve the foraging performance of this fish species as evaluated by latency to first attack and foraging rate afterwards (experiment 1 in White et al., 2005) . Removal of long wavelengths, however, reduced foraging rate, though this experiment was confounded by irradiance, as judged by the transmittances of the filters used (White et al., 2005) . Two studies on freshwater threespine sticklebacks, Gasterosteus aculeatus, arrived at somewhat contradictory results (Modarressie & Bakker, 2007; Rick, Bloemker, & Bakker, 2012) . The first study concluded that enhanced UV irradiance in the range 300-380 nm did not improve foraging performance of sticklebacks (measured by the latency to first attack, and prey consumption afterwards) unless UV light was reduced in the background, in which case sticklebacks attacked prey faster (Modarressie & Bakker, 2007) . The second study measured prey attractiveness to sticklebacks that viewed Daphnia magna in chambers whose light transmissions were controlled by different filters. This study concluded that removal of wavelengths in the range 300-380 nm reduced prey attractiveness to sticklebacks but that the presence of a UV cone type in the retina was not required to explain the results (Rick et al., 2012) . In addition, these works showed that removal of wavelengths in the range ∼600-680 nm impaired fish foraging performance (Modarressie & Bakker, 2007) or prey attractiveness (Rick et al., 2012) . Because, in these studies, none of the filters could isolate the activity of a given cone type, interpretations of results could only be based on surmised relative activation of different cone types based on mathematical models that did not account for crucial parameters such as absorptance, cone ratios, adaptation states or interactions between cone mechanisms (all variables unknown at the time). As such, it is extremely difficult to resolve between multiple combinations of parameters that could explain the differences in results. As in the guppy study (White et al., 2005) the filter used to remove long wavelengths in the stickleback studies (Modarressie & Bakker, 2007; Rick et al., 2012) had the lowest transmittance of all spectral filters utilized. As such, the main conclusion (i.e., that long wavelength exclusion diminished foraging performance or prey attractiveness) could be attributed to the lower irradiance under this treatment, and not to any spectral characteristics per se.
A few studies have indicated that guppies express seven different cone opsins, including an SWS1 (Watson et al., 2011) . Correspondingly, seven cone visual pigments have been measured in the retina of different populations (Watson et al., 2011) , as well as by reconstitution of individual opsins with vitamin A1 chromophore (Kawamura et al., 2016) . Five cone opsins and corresponding visual pigments have been measured in the retinas of adult sticklebacks living in different photic regimes, including an SWS1 opsin (Novales Flamarique, . Both these fish species are pelagic zooplanktivores, though they also feed on bottom dwelling invertebrates. Based on the published visual pigment physiology of these two species, we designed spectral treatments that tested whether UV and, when present, violet cones, or long wavelength (L) cones, enhanced the foraging performance of either species. In addition, we also tested whether a downwelling 100% linearly polarized light field improved the foraging performance of sticklebacks over that under an unpolarized (0% polarized) light field. As per previous studies (Browman et al., 1994; Novales Flamarique, 2013 Novales Flamarique & Browman, 2001) , we filmed the fish free foraging on zooplankton prey, Daphnia magna, under the various light backgrounds and assessed foraging performance by comparing the distances and angles associated with attacks on prey. We hypothesized that any variable (e.g., activity of a given cone type or light field characteristic) that enhanced prey visibility to the fish would improve their foraging performance.
Materials and methods

Fishes and husbandry
Wild marine stickleback (Gasterosteus aculeatus) were obtained from seine net catches in Puget Sound (Washington State, USA) and transported to the University of Victoria Aquatic Facility where they remained for the duration of the study. The fish were held in an outdoor 500 L tank exposed to the day light cycle and with aerated circulating salt water at 15°C. The guppies (Poecilia reticulata) were the progeny of a wild caught population from Cumaná (Venezuela). They were kept in a 60 L outdoor aquarium with aerated circulating fresh water at 18°C. Both species were fed live Daphnia magna of the same size used during the experiments for two weeks prior to experimentation. The foraging experiments took place during the month of June, between 11:00 and 16:00 h, i.e., during the daylight phase of the circadian cycle. All animal use was approved by the Animal Care committees of Simon Fraser University (protocol # 1126B-10) and the University of Victoria (protocol # 2013-005), which abide by regulations set by the Canadian Council for Animal Care, and in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Foraging experiments
We used silhouette video photography to film either fish species free foraging on Daphnia magna, a natural prey zooplankton organism. The system was configured for imaging in the vertical plane, with a resolution of ∼0.2 mm and a depth of field of 15 cm, as reported previously (Novales Flamarique, 2013) . Each experiment consisted of filming 3 new fish at a time foraging for 30 min on Daphnia magna in a 30 × 30 × 30 cm glass aquarium (filled to a depth of 15 cm and with the sides covered in black tape) following 1 h of acclimation. The fish were starved for 24 h prior to testing. Prey concentration in all experiments was 5 L −1 and prey size was statistically the same, at α = 0.05, between experiments; the overall mean Daphnia magna carapace length ± SD was 0.94 ± 0.13 mm (n = 300) for the stickleback experiments and 0.55 ± 0.15 mm (n = 300) for the guppy experiments. Fish size was also statistically the same between experiments; the mean weight ± SD and total length ± SD was 0.12 ± 0.052 g and 2.46 ± 0.31 cm for the guppies and 0.29 ± 0.06 g and 3.05 ± 0.14 cm for the sticklebacks (n = 15 each). During experiments, video frame acquisition was 30 s −1 and analysis of prey attack sequences was carried out frame by frame. Both sticklebacks and guppies searched for prey using pause-travel movements whereby the fish combined stationary periods of scanning for prey with repositioning, swimming movements. Foraging behaviour was evaluated by measuring the prey location distance and angle associated with each attack (Fig. 1) . Prey location distance (LD) was defined as the distance between the point at which the fish first reacted to the prey and the position of the prey itself. From the prey capture moment, characterized by fish opercular expansion, the video was back-tracked to the point when the fish first spotted the prey and initiated the attack. This moment was characterized by a quick change in the fish's head direction, increased swimming velocity, and realignment of the body axis with the prey. The location angle (LA) was the angle between the longitudinal body axis of the fish just prior to attack initiation and the line connecting the fish's rostrum and the position of the prey upon attack initiation. The movement parameters (distance and angle) associated with prey location are strongly correlated with the visual capabilities of the animal. If conditions improve prey visibility, the distances and angles at which prey is located increase. As such, these variables have been used as reliable indicators of fish foraging performance (Browman et al., 1994; Novales Flamarique, 2013 O'Brien et al., 1989) .
Experiments were conducted under light backgrounds that differentially activated various visual pigments found within the cone population in either fish species (Fig. 2a,b) . The light source was a Fiberlite MI-150 (Dolan-Jenner Industries) for the stickleback experiments and a 150 Watt Xenon lamp (Photon Technology International) for the guppy experiments. The output of either source traversed a combination of neutral density and barrier filters (Delta Photonics) and a diffuser to illuminate the observation aquarium quasi-uniformly from above. Downwelling, irradiance measurements were acquired with a USB-2000 spectroradiometer equipped with a 600 µm diameter input, 0.22 NA, liquid light guide and a cosine collector (Ocean Optics), and without the cosine collector for radiance (horizontal light) measurements. The spectral backgrounds were chosen to preferentially stimulate the UV and, in guppies, violet, cone (with the 450 short pass, SP, filter), the double cones (which house the middle wavelength, M, and long wavelength, L, visual pigments; with the 495 long pass, LP, for the guppies, and a 610 LP filter for the sticklebacks), or a combination of short wavelength, S, M and L cone types (with the 450 LP, or full spectrum, FS, filter). By controlling the chromatic content and intensity of the background illumination, we aimed to test whether UV and, in guppies, violet, cones, or the double cones, improved the foraging performance of either fish species. Additional experiments were conducted with sticklebacks under full spectrum illumination that was either unpolarized (0% polarized) or 100% linearly polarized. This was achieved by inserting a linear polarizer (HNP'B, Polaroid) in the illumination path after the diffuser to create the 100% polarized light field, and reversing the diffuser and linear polarizer positions to create the 0% polarized light field. These experiments were carried out to assess whether foraging performance improved when the light field was 100% linearly polarized versus when it was unpolarized. Results were analyzed using Analysis of Variance (ANOVA) followed by StudentNeuman-Keuls (S-N-K) and Tukey grouping tests with α = 0.05.
Analyses were based on independent prey attack sequences obtained from 5 replicate experiments per light condition.
Photon catch of cone photoreceptors
Both guppies and marine sticklebacks have multiple visual pigments within morphologically and chromatically ordered cone photoreceptor mosaics in the retina (Laver & Taylor, 2011; . Double and single cones form square mosaics whereby the doubles cones form the sides of the square unit with single cones at the centre and, when present, at the corners. The doubles cones are unequal pairs, one member housing an M visual pigment (expressing an RH2 opsin) and the other an L visual pigment (expressing an LWS opsin). The single cones house either a UV, violet or S visual pigment (expressing SWS1 or one variant of SWS2 opsin). The various cone visual pigments in the Cumaná guppy have maximum wavelength of absorbance (λ max ) at: 358 nm (SWS1 opsin), 406 nm (SWS2A opsin), 465 nm (SWS2B opsin), 525 nm (RH2 opsin) and 560 nm (LWS opsin) (Watson et al., 2011 ; Fig. 2d ). There is an additional cone visual pigment with λ max at 541 nm, which may arise from expression of a different opsin gene (Watson et al., 2011) or results from a combination of the M and L visual pigments. For marine stickleback, the cone visual pigments have λ max at: 365 nm (SWS1 opsin), 435 nm (SWS2 opsin), 520 nm (RH2 opsin), and 566 nm (LWS opsin) (Novales Flamarique, Fig. 2c) . These peak absorption wavelengths have been associated with opsin conjugation to retinal (vitamin A1) chromophore (Novales Flamarique, . Because long wavelength shifts in λ max can occur with opsins binding to 3-4 dehydroretinal (vitamin A2) chromophore in sticklebacks (Novales Flamarique, , we ensured that this was not the case by analyzing chromophore content in the retina (see High Performance Liquid Chromatography, HPLC, section). It is unknown whether different chromophores are present in the guppy retina but the lower rearing temperature in this study (18°C) would have promoted a vitamin A1-based retina, if the trend in chromophore type with temperature in this species is as reported for other fishes (Novales Flamarique, 2005) .
To calculate photon catch of a given cone photoreceptor, an estimate of the absorptance is needed (Novales Flamarique & Hárosi, 2000) . This can be obtained using the equation: absorptance = 1-10 (absorbance)(S)(l) , where S is the transverse specific density and l is the mean outer segment length of each cone type in a given fish.
Values for S and l of sticklebacks were obtained from Table 2 in Novales Flamarique, . We were unable to find equivalent values for guppies in the literature so we applied those of mummichog killifish, Fundulus heteroclitus, a close relative with similar cone types and visual pigment repertoire (Novales Flamarique & Hárosi, 2000) . Pigment absorbance spectra (Fig. 2c,d) were generated from the λ max of each visual pigment using an eighth-order polynomial template (Palacios, Goldsmith, & Bernard, 1996) . This ensured representation of β-band absorbance by each visual pigment, as β-bands are not always present in microspectrophotometric records. The absorptance values were multiplied by the irradiance spectra (Fig. 2a,b) , in radiometric units and integrated to give the photon catch for each cone type under the various downwelling conditions. These values were normalized with respect to that of the cone spectral type with the lowest photon catch and used as measures of the adaptation state of each cone mechanism in each foraging experiment. Photon catches from the target (Daphnia magna) and background (horizontal radiance) were multiplied by these factors to correct for adaptation state. The photon catch of each cone type originating from the Daphnia was calculated as the sum of photon catches from transmitted horizontal light through the Daphnia and scattered downwelling light by the Daphnia in the horizontal direction. The first component involved the product of horizontal radiance and light transmission through the body of Daphnia (Novales Flamarique, 2013). The second involved the product of downwelling irradiance and a published reflectance spectrum for Daphnia magna obtained under a geometrical set-up relevant to our experiments (Rick et al., 2012) . The results were multiplied by the cone fractions derived from the relative densities of each cone type in the retinas of each species. For marine sticklebacks, the double cone to single cone ratio is ∼2 and a maximum of 40% of single cones are UV cones (Novales Flamarique, such that the ratio of UV:S:M:L used in the calculations was 0.2:0.3:1:1. For guppies, the ratio of double cones to single cones is 1 and a published schematic figure suggests that UV cones make up half of the single cone population, with the remainder being either violet or S cones (Laver & Taylor, 2011) . Thus the UV:violet:S:M:L cone ratios (fractions) used in the calculations were 1:0.5:0.5:1:1.
Estimated perceived contrast of Daphnia
The estimated perceived contrast of Daphnia magna over a given background (horizontal radiance) by either guppies or sticklebacks was calculated based on published interactions of cone mechanisms in cyprinid and salmonid fishes (Fratzer, Dörr, & Neumeyer, 1994; Novales Flamarique & Wachowiak, 2015; Risner, Lemerise, Vukmanic, & Moore, 2006) . Spectral sensitivity curves from these species indicate antagonistic interactions between the L and M cone mechanisms as well as between the longer wavelength and shorter wavelength cone mechanisms. We therefore computed contrasts according to the following interactions for sticklebacks:
L-S, L-(M+S), and L-(M+UV). Because guppies also have a violet cone, these interactions were modified as follows: (L+M)-(UV+violet+S), L-M, L-S, L-(M+S)
, and L-(M+UV+violet). For a given experimental light condition, contrast was calculated as: (|P Daphnia -P background |)/ (|P Daphnia + P background |), where P refers to photon catch according to a given interaction of cone mechanisms.
High performance liquid chromatography (HPLC)
Following dark-adaptation for 2 h, five juvenile marine sticklebacks were killed and the retinas removed from the eyecups. Each retina was then placed in a 1.5 ml eppendorf tube and frozen in liquid nitrogen until processing for presence of chromophore types: retinal (vitamin A1) and 3-4 dehydroretinal (vitamin A2). Retinas were homogenized Cumaná guppy (d) as derived using an eight-order polynomial template.
R. Zukoshi et al. Vision Research 145 (2018) [31] [32] [33] [34] [35] [36] [37] [38] by sonication in a mixture containing 60 µl of 1.92 M hydroxylamine sulfate (neutralized with 1 N KOH) and 300 µl of methanol. The homogenate was cooled on ice, following which 300 µl of dichloromethane and 150 µl of ddH 2 O were added and the mixture shaken vigorously. After the addition of 600 µl of n-hexane, the solution was centrifuged at 1000g for 5 min at 4°C. The dichloromethane/ hexane (top) layer was removed and placed in a 1.5 ml eppendorf tube. This procedure was then repeated on the remaining, lower layer, after which the second extract was combined with the first and evaporated under vacuum for 1 h. The resulting, dried extract was dissolved in 100 µl of n-hexane and injected into a 5 µm YMC-Pack Silica 2.1 × 250 mm column (YMC America) attached to an HPLC system. The mobile phase running through the column flowed at a rate of 0.8 ml per minute and contained 7% ether and 0.075% ethanol in n-hexane. The computer-driven detector monitored absorbance at 360 nm and 400 nm and produced chromatograms which permitted identification of vitamin A1 and A2 oximes based on retention time in comparison with results from an all-trans-retinal (A1) standard (Sigma).
Results
The mean location distance (LD) and location angle (LA) of guppies was the same regardless of foraging light background (Table 1; F 3,764 = 2.508, p = 0.058 for LD and F 3,764 = 0.905, p = 0.438 for LA). Thus, UV cone activity did not alter the foraging performance of guppies. Likewise, lack of UV, and minimal violet, cone activity (under the 495 LP background) also did not alter foraging performance.
The mean LD of sticklebacks was significantly different between light backgrounds (F 2,890 = 20.98, p < 0.0001) with LD under the 450 SP background significantly smaller than under the 450 LP or 610 LP background (Table 1) . Thus, UV cone activity did not improve foraging performance of sticklebacks. However, because the mean LD under the 610 LP background, when only double cones (M and L) are active, was statistically similar to that under the 450 LP background (Table 1) , when single (S) cones and double cones are active, this implies that double cones are the critical photoreceptors for foraging in sticklebacks. Under the 610 LP background, the theoretical photon catch of the M cone was 0.08 that of the L cone, such that vision under this background should have been overwhelmingly dependent on L cone input and, thus, most likely achromatic. Our theoretical calculations, based on the λ max of visual pigments in a vitamin A1 dominated retina , were supported by the HPLC results showing lack of vitamin A2 chromophore in the retinas of juvenile marine sticklebacks ( Fig. 3 ; see also Iwanicki et al., 2017; Savelli, Novales Flamarique, Iwanicki, & Taylor, 2018) . The mean LA of sticklebacks was not significantly different between treatments (F 2,890 = 0.374, p = 0.688).
Under a 100% linearly polarized light field, sticklebacks exhibited both mean LD and LA that were significantly greater than under an unpolarized light field of the same intensity (Table 1 ; F 1,620 = 6.062, p = 0.014 for LD, and F 1,620 = 13.509, p < 0.0001 for LA). Thus, the 100% linearly polarized light field improved the foraging performance of sticklebacks.
Discussion
Several studies have suggested that UV wavelengths play a role in various behaviours of fishes including foraging (Browman et al., 1994; Leech et al., 2009; Loew et al., 1993; Rick et al., 2012) and communication (Cummings, Rosenthal, & Ryan, 2003; Siebeck, Parker, Sprenger, Mäthger, & Wallis, 2010) . Two studies which isolated the function of the UV cone in the foraging performance of juvenile rainbow trout (Novales Flamarique, 2013) and zebrafish (Novales Flamarique, 2016) concluded that UV cones improved the foraging performance of these fishes through contrast enhancement of the zooplankton prey, Daphnia magna.
In this study, we show that UV cones do not improve the foraging performance of the juveniles of two species of zooplanktivorous fishes, the marine stickleback and the Cumaná guppy. Both the mean location distance and angle did not differ between the 450SP and the 450LP treatments, even though the 450 SP treatments were characterized by greater irradiance than the 450 LP treatments (Fig. 2a,b ; a difference which should have favoured better foraging performance under the 450 SP conditions). To try to understand the reasons for these results, we computed the contrast of Daphnia magna as would be perceived by the fish under the various light backgrounds (Table 2) .
A comparison of computed contrasts shows that involvement of the UV cone does not improve the contrast of Daphnia magna under any of the light backgrounds tested (Table 2) . Contrasts involving the L-M or L-S interactions, however, are consistently among the greatest regardless of background condition. Thus, our theoretical calculations are in line with the foraging results obtained and indicate a predominant role for S, M and L cones in the foraging performances of these fishes. Furthermore, both foraging and contrast results for sticklebacks under the 610 LP background, when the L cone should have provided the overwhelming input for vision, demonstrates that the double cone (i.e., the combination of M and L cones) was the only input needed for foraging (no other cone type could be activated under this background). Because the double cone (M+L pooled input) forms the achromatic motion detection pathway of zebrafish and goldfish (see Orger & Baier, 2005) , fishes with similar cone types and overall visual pigment complements, our results for sticklebacks indicate that foraging may rely on prey motion detection by an achromatic pathway based on the pooled input of M and L cones. This would agree with the common association of double cones in fish, reptiles and birds with achromatic tasks such as luminance, motion and polarization detection (Lind, Chavez, & Kelber, 2014; Pignatelli, Champ, Marshall, & Vorobyev, 2010) though, at least in one coral reef fish, double cones contribute to colour discrimination (Pignatelli et al., 2010) . Thus, it is possible that an antagonistic (chromatic) interaction between M and L cones could explain stickleback foraging under the 610 LP background. However, the minute photon catch of the M cone (which was 0.08 that of the L cone) under this background would make this possibility less likely in our opinion. Many populations of freshwater sticklebacks live in dystrophic waters, where the light spectrum reduces to long wavelengths (> 600 nm) beyond 1 m depth (Novales Flamarique, ). An achromatic pathway for zooplankton foraging is therefore congruent with the ecological needs of some stickleback populations. Our results are consistent with previous work on adult guppies that reported no difference in foraging performance when the background comprised, or not, wavelengths in the range 300-380 nm (White et al., 2005) . Removal of long wavelengths in the range ∼600-650 nm reduced foraging efficiency (White et al., 2005) and this result, although compromised by irradiance as a confounding variable, is in line with our contrast computations indicating that the L cone should play a major role in the foraging performance of this species. Our contrast calculations and experimental results indicating a primary role for the L cone in the foraging performance of sticklebacks are congruent with the suggested importance of long wavelengths in the foraging performance of this species (Modarressie & Bakker, 2007; Rick et al., 2012) , though irradiance was again a confounding factor in these studies. Further proof that the L cone should be crucial for stickleback foraging is suggested by the inherent bias of this species to peck on red objects (Smith, Barber, Wootton, & Chittka, 2004) . Interestingly, both guppies and sticklebacks also prefer mates that exhibit prominent orange or red colouration, respectively (Houde, 1997; Milinski & Bakker, 1990) , and this preference may have arisen from the inherent attraction to forage on similarly-coloured objects (Rodd, Hughes, Grether, & Baril, 2002; Smith et al., 2004) . Our study suggests that the ecological functions of UV and violet cones vary between zooplanktivorous fish species. As opposed to the relatively small size and limited topographical distribution of UV cones in guppies and sticklebacks (Laver & Taylor, 2011; , those of zebrafish and juvenile (alevin) rainbow trout are large (with prominent ellipsoids and outer segments; Hárosi & Novales Flamarique, 2012) and are distributed throughout the retina as part of full cone mosaics (Novales Flamarique, 2013 . These differences in UV cone size and distribution may be an indicator of whether the UV cone plays a role in foraging of a given fish species since the associated neural signal should be sufficiently large to make a difference in any chromatic contrast computation (as single cones do not seem to be part of achromatic, motion detection pathways; Orger & Baier, 2005) . Perhaps this is not the case when detecting much larger environmental targets, like reflections from conspecifics. Several studies suggest that UV reflections are important for stickleback mate selection (Boulcott, Walton, & Braithwaite, 2005; Hiermes, Bakker, Mehlis, & Rick, 2015; Rick & Bakker, 2008) and shoaling behaviour (Hiermes, Vitt, Rick, & Bakker, 2015) , though some of these studies suffer from irradiance as a confounding variable (Boulcott et al., 2005) and all employ filters that cannot be used to isolate the action of the UV cone, leaving multiple combinations of factors (e.g., variable photon catch of different cone types based on differential activation of α and β bands of the visual pigments) as alternative explanations for the results. Other studies dispute any role of UV wavelengths or the UV cone in mate selection based on discrimination of nuptial features like the red throat and blue iris (Novales Flamarique, Bergstrom, Rowe, Baube, Loew, & Phillips, 2004) . It is possible, however, that alternative signals like reflection from a specific band on the abdomen of a gravid female could be important for mate selection based, at least in part, on UV wavelengths. To this claim, UV reflections from the face or specific flank regions have been suggested as important cues in communication of other fishes (Cummings et al., 2003; Siebeck et al., 2010; Stieb et al., 2017) .
Polarization sensitivity has been shown to improve the foraging performance of juvenile rainbow trout (Novales Flamarique & Browman, 2001 ) though the cellular mechanism to detect the polarization of light in this and other fishes, except for anchovies in the family Engraulididae, is unknown (Novales Flamarique, 2017) . In fact, even published results suggesting polarization sensitivity of salmonid fishes and freshwater sunfishes are controversial (Novales Flamarique, 2017) . In the environment where sticklebacks reside, the water-born polarization signal, in terms of percent polarization, rarely exceeds 65% (Novales Flamarique & Hawryshyn, 1997) . As such, the polarization detection system of this species would have to equal or surpass such a sensitivity threshold for this sensory capability to be of use in nature.
